Retinoic acid (RA) metabolizing enzymes play important roles in RA signaling during vertebrate embryogenesis. We have previously reported on a RA degrading enzyme, XCYP26, which appears to be critical for the anteroposterior patterning of the central nervous system (EMBO J. 17 (1998) 7361). Here, we report on the sequence, expression and function of its counterpart, XRALDH2, a RA generating enzyme in Xenopus. During gastrulation and neurulation, XRALDH2 and XCYP26 show non-overlapping, complementary expression domains. Upon misexpression, XRALDH2 is found to reduce the forebrain territory and to posteriorize the molecular identity of midbrain and individual hindbrain rhombomeres in Xenopus embryos. Furthermore, ectopic XRALDH2, in combination with its substrate, all-trans-retinal (ATR), can mimic the RA phenotype to result in microcephalic embryos. Taken together, our data support the notion that XRALDH2 plays an important role in RA homeostasis by the creation of a critical RA concentration gradient along the anteroposterior axis of early embryos, which is essential for proper patterning of the central nervous system in Xenopus. q
Introduction
Retinoic acid (RA), a metabolite of vitamin A, is a potent signaling molecule and must be provided in a delicate balance during vertebrate embryogenesis. In cases of retinoid signaling de®ciency, characteristic deformities, known as fetal vitamin A de®ciency syndrome, including eye, craniofacial, limb, heart, and urogenital malformations, are observed (Wilson et al., 1953; reviewed in Maden et al., 1998; Zile, 1998) . The administration of excess RA during vertebrate embryogenesis duplicates the digit pattern of the limb, and posteriorizes the developing central nervous system (reviewed in Eichele, 1989; Durston et al., 1998) .
The endogenously synthesized RA acts as a transcriptional regulator to affect patterning and gene expression directly via interaction with speci®c zinc ®nger nuclear receptors, the retinoic acid receptors (RARs) and retinoid-X receptors (RXRs). In vertebrates, both families of receptors exist in the form of three different isotypes and numerous isoforms, which are differentially expressed in complex patterns during embryogenesis and their activity is further modulated by the activity of co-activators and co-repressors (reviewed in Beato et al., 1995; Kastner et al., 1995; Mangelsdorf and Evans, 1995; Mark et al., 1999) . The early efforts to de®ne RA signaling activity during embryogenesis have focused largely on the studies of the retinoid receptors. The use of gene knockouts in mice demonstrates that the receptors exhibit some degree of functional redundancy, since a single receptor knockout is not suf®cient to provide phenotypes as severe as those found in an absence of RA. However, in marked contrast to single RAR null mutants, a series of RAR compound null mutants recapitulates the spectrum of developmental defects associated with vitamin A de®ciency (Lohnes et al., 1994; reviewed in Kastner et al., 1995; Mark et al., 1999) .
A second activity involved in modulating RA signaling is de®ned by a family of high af®nity cellular retinoic acidbinding proteins (CRABPs) which are expressed in at least two different isoforms (CRABPI and CRABPII) with temporally and spatially restricted expression patterns during vertebrate embryogenesis (reviewed in Napoli, 1999) . CRABPs are generally known to be implicated in the synthesis, degradation, and control of steady-state levels of RA. Recent studies indicate that CRABPII, but not CRABPI, can act as a co-activator in the expression of RA response genes by directly forming a protein complex with RARa and RXRa in mammalian cells (Delva et al., 1999; Dong et al., 1999;  Mechanisms of Development 101 (2001) 91±103 0925-4773/01/$ -see front matter q 2001 Elsevier Science Ireland Ltd. All rights reserved. PII: S 0925-4773(00)00558-X www.elsevier.com/locate/modo reviewed in Wolf, 2000) . Consistently, the overexpression of xCRABP in Xenopus embryos appears to result in developmental defects that resemble those induced by RA itself (Dekker et al., 1994) , indicating a positive regulatory function of xCRABP on RA signaling.
Two enzymes, namely CYP26, a RA hydroxylase, and RALDH2, a dehydrogenase converting retinal to RA, have been demonstrated to play important roles in modulating RA signaling activity (Hollemann et al., 1998; Niederreither et al., 1999) . Animal cells cannot produce RA de novo. The in vivo generation of RA includes the following steps: cellular ingestion of retinol (vitamin A), a rate-limiting ®rst oxidation of retinol to retinaldehyde by a retinol dehydrogenase (ROLDH), and a second oxidation of retinaldehyde to RA by a retinal dehydrogenase (RALDH). Several ROLDH and RALDH isozymes have been isolated (Zgombic-Knight et al., 1995; Chai and Napoli, 1996; Bhat et al., 1995; Duester, 1996; Wang et al., 1996; Zhao et al., 1996; Niederreither et al., 1997; Penzes et al., 1997; Napoli, 1996 Napoli, , 1999 Sockanathan and Jessell, 1998; Ang and Duester, 1999; Yamauchi et al., 1999; Ulven et al., 2000; Li et al., 2000) . Among these, the enzyme retinaldehyde dehydrogenase 2 (RALDH2), a nicotinamide adenine dinucleotide (NAD)-dependent dehydrogenase speci®c for retinaldehyde, originally named V2 (McCaffery et al., 1993; McCaffery and Dra Èger, 1994) , has been de®ned as the key RA generating enzyme by RALDH2 knockout mouse analysis (Niederreither et al., 1999) . A RA-inducible hydroxylase, CYP26, has been identi®ed as a critical enzyme in RA degradation (White et al., 1996 (White et al., , 1997 Ray et al., 1997; Fujii et al., 1997; Hollemann et al., 1998; de Roos et al., 1999) .
The vertebrate central nervous system development has been found to be particularly sensitive towards RA signaling. For amphibians, an early model for neural regionalization proposed that all presumptive neurectoderm initially goes through a ®rst`activation' step that speci®es a uniform anterior neural fate; subsequently, in the second step of transformation', signals from the posterior, underlying mesoderm convert some of this tissue to more posterior fates, such as hindbrain and spinal cord (Nieuwkoop, 1952; reevaluated in Kolm and Sive, 1997) . Several lines of evidence suggest that RA could be such a transforming or posteriorizing signal. The application of excess RA to gastrulating Xenopus embryos results in microcephaly, with loss of forebrain, midbrain and posterior hindbrain structures and concomitant expansion of the posterior hindbrain (Durston et al., 1989; Sive et al., 1990; Papalopulu et al., 1991) . RA signaling can also be increased by the ectopic expression of constitutively active versions of RA receptors in Xenopus embryos, similarly resulting in the suppression of anterior neural structures (Blumberg et al., 1997) . The application of excess RA to mouse embryos posteriorizes the segmental expression of Krox20 and of different Hox genes; the effects observed are indicative of a homeotic transformation of hindbrain rhombomeres 2/3 to a more posterior rhombomere 4/5 identity (Marshall et al., 1992) . Conversely, under conditions of reduced RA signaling, it is either observed that the molecular identity of hindbrain rhombomeres is anteriorized or that caudal rhombomeres are truncated. The ectopic expression of XCYP26 in Xenopus embryos results in a homeotic transformation of hindbrain rhombomeres 5/7 to a more anterior rhombomere 3/5 identity (Hollemann et al., 1998) . Overexpression of dominant negative retinoic acid receptors (DN-RARs) partially anteriorizes the posterior rhombomeres of Xenopus embryos (Blumberg et al., 1997; . Direct evidence for the idea that endogenous retinoids are required for hindbrain patterning is found in quail embryos, where a complete dietary retinoid de®ciency truncates the hindbrain structures posterior to rhombomere 3 (Maden et al., 1996; Gale et al., 1999) . Finally, targeted disruption of the murine RALDH2 gene precludes embryonic RA synthesis and provides a correlating phenotype. In these embryos, the caudal portion of the hindbrain becomes preferentially reduced in size during early development. Speci®cation of the midbrain region and of the rostralmost rhombomeres is normal. In contrast, RA absence leads to an abnormal r3 (and, to a lesser extent, r4) identity of the caudal hindbrain cells (Niederreither et al., 1999 (Niederreither et al., , 2000 .
In this study, we report on the characterization of the Xenopus homologue of RALDH2. During gastrulation and neurulation, XRALDH2 and XCYP26 show non-overlapping complementary expression domains, with XRALDH2 transcripts being localized to the internal involuting mesoderm, and later, to the presumptive presomitic and lateral plate mesoderm, whereas XCYP26 mRNA is restricted to the super®cial layer of involuting marginal zone and to the presumptive midbrain/forebrain neurectoderm and prechordal plate. These expression patterns are reminiscent of those observed in chicken and mouse embryos (Niederreither et al., 1997; Berggren et al., 1999; Swindell et al., 1999) . Ectopic expression of XRALDH2 in Xenopus embryos causes an anterior shift of midbrain and hindbrain molecular identities in Xenopus embryos. Taken together, our data support the notion that XRALDH2 and XCYP26 are two opposing forces that play important roles in creating a critical RA concentration gradient in vivo that serves to properly pattern the developing central nervous system.
Results

Identi®cation of Xenopus RALDH2
We have used a whole-mount in situ hybridization screen to systematically survey gene expression during early embryonic development (Gawantka et al., 1998) . Upon screening a stage 13 cDNA library of LiCl treated embryos, we identi®ed a cDNA clone called AGL_11H09 corresponding to a gene with a very restricted expression at gastrula, neurula, and tailbud stages.
The open reading frame of the 2.7 kb AGL_11H09 cDNA encodes a 518 amino acid protein ( Fig. 1 ) which is closely related to a recently characterized RA synthesizing enzyme, termed RALDH2. Amino acid sequence alignment shows high conservation of RALDH2 among vertebrates. The Xenopus protein exhibits 90.5, 90, 89.6 and 89.4% identity to human (Ono et al., 1998) , chicken (Sockanathan and Jessell, 1998) , rat (Wang et al., 1996) and mouse (Zhao et al., 1996) RALDH2, respectively. It only shows 73.7% identity with Xenopus ALDH1 protein (data not shown). We therefore named the Xenopus protein described here as XRALDH2 (GenBank accession number, AF310252).
Temporal and spatial expression characteristics of XRALDH2
The temporal expression of XRALDH2 was determined by RT-PCR analysis using RNA extracted from embryos at various stages of development ( Fig. 2A) . XRALDH2 transcripts were detected in all embryonic stages analyzed. A peak of expression occurred during gastrulation/neurulation (stages 11±19). Whole-mount in situ hybridization with morula/blastula stage embryos did not reveal a differential distribution of XRALDH2 encoding mRNA (data not shown). Localized expression of XRALDH2 can ®rst be detected at the onset of gastrulation in the form of a belt around the vegetal pole which is more intense in the region of dorsal blastpore lip (Fig. 2B,1) . As gastrulation proceeds, XRALDH2 expressing cells involute into the trunk region of the embryo at the dorsal and lateral sides (Fig. 2B,2,3 ). Sagittal sections of stage 11 embryos reveal that XRALDH2 is exclusively expressed in the zone of internal involuting mesoderm, but not in the deep and epithelial layers of the involuting marginal zone (Fig. 2B,2a) . At the end of gastrulation, the signal becomes restricted to the middle part of the trunk¯anking the notochord; the gene is not expressed in anterior and posterior regions of the embryo (Fig. 2B,4) . Transverse sections of stage 14 embryos con®rm that expression is in the mesodermal layer with the exception of the notochord (Fig. 2B,4a) . During neurula stages, the trunk mesodermal XRALDH2 positive domains expand ventrally and meet at the ventral midline, which demarcates the presumptive presomitic and lateral plate mesoderm (Fig. 2B, 5, 6) . At the same time, a second domain of expression, which demarcates the stomodeal±hypophyseal, olfactory and eye anlagen, starts to appear in the most anterior edge of neural plate (Fig. 2B,6; Hausen and Riebesell, 1991) . With neural tube closure and eye vesicle formation, the three anlagen condense and this process is also re¯ected in the dynamic condensation of the initially crescent-shaped domain of XRALDH2 expression into two ellipses, connecting the eye vesicles with the stomodeal±hypophyseal and olfactory anlagen (Fig. 2B,7±10 ). The initially homogeneous expression of XRALDH2 in both the prospective pigmented layer and retinal layer of future retina of stage 25 embryos (Fig.  2B,10a ) becomes highly restricted to the dorsal ciliary margin and to a weaker expression domain in the pigmented epithelium of the retina in tadpole stage embryos (Fig. 2B, 11, 11a) . The strong signals in the sensorial layer of the ectoderm surrounding the eye vesicle (Fig. 2B,10a ) disappear, however, the stomodeal±hypophyseal anlage and olfactory placode expression is maintained during further development (Fig. 2B,10a ,11, and data not shown). Two additional neural expression domains are observed in the roof plate of the rostral spinal cord (Fig. 2B, 10a, 11b) and in the posterior ventral part of the otic vesicles ( Fig. 2B ,11) at tailbud and tadpole stages of development. After neurulation, the trunk mesodermal expression drastically decreases in signal intensity during early tailbud stages (Fig. 2B ,10, and data not shown). The only mesodermal expression that is maintained lies within the pronephric anlage and anterior lateral plates and increases with the further development of the pronephric ducts (Fig. 2B, 11, 11b) . RT-PCR analysis with RNA preparations from adult Xenopus organs and tissues reveals XRALDH2 signals in the brain, ovary, testis, and, more weakly, in the eyes ( Fig. 2A) . Taken together, the highly regulated spatial and temporal distribution of XRALDH2 in mesodermal and ectodermal structures of early embryos suggests a rather versatile function of RA signaling in Xenopus embryogenesis.
Expression domains of XRALDH2 and XCYP26 are non-overlapping in gastrula and neurula stage Xenopus embryos
In mouse and chicken embryos, RALDH2 and CYP26 are expressed in different spatial patterns in the early embryo (Niederreither et al., 1997; Fujii et al., 1997; Swindell et al., 1999) . Accordingly, we compared the expression of the two genes in Xenopus embryos using double staining wholemount in situ hybridization. The details of the XCYP26 expression pattern have been described in our early paper (Hollemann et al., 1998) . During gastrulation, XRALDH2 and XCYP26 gene transcripts are detected in distinct cell populations. XRALDH2 expressing cells are located in the internal involuting mesoderm and further involute into trunk mesoderm, whereas XCYP26 mRNA appears to be restricted to the epithelial layer of the involuting marginal zone and to the presumptive midbrain and forebrain neurectoderm (Fig. 2C,1±3 , for details compare Fig. 2C,2a with Fig. 2B,2a) . After gastrulation, XRALDH2 and XCYP26 are expressed in complementary regions along the anteroposterior axis of the Xenopus embryo (Fig. 2C,3±5 ). The highest level of XRALDH2 transcript is localized to the presumptive presomitic and lateral plate mesoderm in the middle part of the trunk, suggesting a sharp anterior border at the level of the hindbrain/spinal cord boundary, in contrast to the midbrain/hindbrain boundary and rhombomere 3 expression of XCYP26 (Fig. 2C,4 ,5). XCYP26 expression persists in the anterior presumptive midbrain and forebrain neurectoderm and in the most posterior region of the embryos (Fig. 2C,3±5 ). In the most anterior region, the stomodeal±hypophyseal, olfactory and eye anlage domain of XRALDH2 expression is just above the cement gland domain of XCYP26 transcripts (Fig. 2C,5) .
At tadpole stages of development, the expression of the two enzymes in the eye also shows complementarity. While XRALDH2 is mainly restricted to the dorsal ciliary margin (Fig. 2B,11,11a; Fig. 2C ,6a,6c), the XCYP26 transcripts are found in a horizontal narrow band across the embryonic retina, which roughly separates the retina into one dorsal and two ventral thirds (Fig. 2C,6a,6c,6d ). The expression in the lens epithelium is dominated by XCYP26, showing partial overlap with XRALDH2 in the dorsal margin (Fig. 2C, 6a, 6c, 6d) . A second overlap in the expression of the two genes is seen in the stomodeal±hypophyseal anlage and olfactory placode of tailbud and tadpole stage embryos (Fig. 2C,6 ,6a,6b, and data not shown). In summary, the mostly non-overlapping, complementary distribution of XRALDH2 and XCYP26 transcripts implicates that the RT-PCR analysis with RNA preparations from staged embryos (embryonic stages indicated according to Nieuwkoop and Faber (1967) ) and from adult tissues. Histone H4 was used as an RNA loading control. (B) Whole-mount in situ hybridization analysis using XRALDH2 antisense RNA. (1± 3) Posterior view (top, dorsal; bottom, ventral); (4), dorsal view (top, anterior; bottom, posterior); (5,6), dorsal and ventral views, respectively (left, anterior; right, posterior); (7±10), anterior view; (11), lateral view; (2a), sagittal section of a stage 11 embryo; (4a,11a,11b), transverse sections (top, dorsal; bottom, ventral); (10a), the section plane is indicated by the red rectangle in panel 10. (C) Double staining whole-mount in situ hybridization of XRALDH2 (red) and XCYP26 (blue). (1±3), posterior view (top, dorsal; bottom, ventral); (4), dorsal view (top, posterior; bottom, anterior); (5), anterior view; (6), lateral view; (2a), sagittal section; (6a), higher magni®cation of the head region of 6; (6b, 6c), frontal section (top, dorsal; bottom, ventral); (6d), horizontal section (top, anterior; bottom, posterior). Red dashed lines and rectangles in (B) and (C) indicate the locations for vibratome sections. Nieuwkoop±Faber stages of embryogenesis are indicated in the lower right corner of each picture (Nieuwkoop and Faber, 1967) . (B,C) ar, Archenteron; cg, cement gland; dc, diencephalon; dz, deep zone of involuting marginal zone; ec, ectoderm; el, epithelial layer of involuting marginal zone; ele, epithelial layer of ectoderm; ls, lens; m, mesoderm; mc, mesencephalon; md, developing mesonephric duct; mg, midgut; m/h, midbrain/hindbrain boundary expression of XCYP26; no, notochord; oe, oral epithelia; op, olfactory placode; pc, prosencephalon; pe, pigment epithelium of retina; r3, rhombomere 3 domain of XCYP26; rc, rhombencephalon; re, retina; sc, spinal cord; sh, stomodeal±hypophyseal anlage; sl, sensorial layer of ectoderm; zii, zone of internal involution. two enzymes may serve opposing functions in creating the appropriate RA signaling levels in different territories of the developing embryo, where RA signaling may play important roles in the differential regulation of gene expression.
In¯uence of RA on XRALDH2 expression
As XRALDH2 is a major RA generating enzyme, increasing or decreasing RA signaling could have an in¯u-ence on the expression pattern of XRALDH2. In XCYP26 injected embryos, which have decreased RA signaling activity, we cannot observe obvious alterations of XRALDH2 expression; signi®cant alterations of the XRALDH2 transcript level in RA treated gastrula stage embryos were also not observed (data not shown). However, in later stage (post gastrulation) embryos that had been treated with 0.18 mM all-trans-RA during stages 8±11, which is the protocol that results in microcephaly, XRALDH2 is found to be down-regulated. The most sensitive domain of XRALDH2 to RA treatment is the most anterior one in the stomodeal±hypophyseal, olfactory and eye anlagen, where XRALDH2 expression is completely ablated in RA treated neurula stage embryos, whereas the presumptive presomitic and lateral mesodermal expression domains remain (Fig.  3b) . During tailbud and tadpole stages of development, the otic vesicle domain is also lost upon RA treatment, whereas the XRALDH2 expression in pronephric ducts and spinal cord does not seem to be affected (Fig. 3d , and data not shown).
Ectopic expression of XRALDH2 posteriorizes the central nervous system of Xenopus embryos
Our previous studies had indicated that the RA degrading enzyme, XCYP26, can anteriorize the molecular identities of hindbrain rhombomeres of Xenopus embryos upon over- expression. This led us to investigate if ectopic expression of XRALDH2 could have an opposite effect on Xenopus embryos, i.e. that it would posteriorize the central nervous system. Microinjection of 2 ng of synthetic XRALDH2 mRNA into both blastomeres of two-cell stage embryos did not cause any obvious morphological alterations (Fig.  4c) . We assumed that the limiting factor could be the substrate of XRALDH2, all-trans-retinal (ATR). First, we tested whether ATR alone could have any effects on Xenopus embryonic development. For that purpose, embryos were immersed in different concentrations of ATR solution from stage 8 to 11. Our results reveal that ATR alone can only weakly posteriorize Xenopus embryos (Fig. 4b) . The posteriorizing effect of ATR is at least 50-fold weaker than that of RA, as judged from a statistical analysis of the dorsoanterior index; we note that 10 mM ATR causes a similar frequency of microcephalic embryos as 0.18 mM RA (Table 1 , and data not shown). Interestingly, a microinjection of 2 ng XRALDH2 mRNA in combination with 2 mM ATR treatment, which alone has only a slightly posteriorizing effect, can mimic 10 mM ATR or 0.18 mM RA to cause microcephalic embryos ( Fig. 4d; Table 1 ). Thus, ectopic XRALDH2 activity is uncovered upon application of 2 mM ATR.
We further determined if locally increasing the XRALDH2 activity by mRNA injection could cause coordinate shifts in the expression of different marker genes along the anteroposterior axis of the central nervous system. This analysis was performed by microinjecting albino embryos unilaterally at the two-cell stage with 1 or 2 ng of XRALDH2 mRNA along with 50 pg of LacZ mRNA. The injected embryos were ®xed at stages 20±23 with or without 0.5 mM ATR treatment during gastrulation and stained for b-galactosidase activity to reveal the distribution of injected mRNA. The uninjected side served as an internal control. The marker genes that we have used were: Otx2, which demarcates cement gland, forebrain and midbrain (Pannese et al., 1995; Blitz and Cho, 1995) , En-2, a marker of midbrain/hindbrain boundary (Hemmati-Brivanlou et al., 1991), Krox20, which is expressed in hindbrain rhombomeres 3 and 5 (Bradley et al., 1993) , and Hoxb9, a marker of the spinal cord (Cho et al., 1988) . Except for En2, which overlaps with the midbrain domain of Otx2 at the midbrain/ hindbrain junction, all the other markers have non-overlap- Kao and Elinson (1988) and Sive et al. (1990) with details as follows. DAI 5.0, normal; DAI 4.5, reduced forehead, eyes slightly affected; DAI 3.5, cyclopic; DAI 2.5, microcephaly, no eye pigment. ping expression domains. Therefore, the embryos were simultaneously probed with digoxigenin-labeled antisense RNAs of Otx2, Krox20 and Hoxb9, with or without En2. Unilateral microinjection of XRALDH2 mRNA resulted in the posteriorization of midbrain and hindbrain, as revealed by up to a 2 rhombomere unit wide anterior shift of En2, Krox20 and midbrain Otx2 domains, without obvious alterations of Hoxb9, or of the cement gland domain of Otx2 expression in the injected side of the embryos (Fig.  5) . The anterior border of the forebrain domain of Otx2 was also not altered, indicating that the forebrain territory was reduced as a consequence of the anterior shift of midbrain and hindbrain territories. The anterior shift of midbrain and hindbrain marker genes occurred in a dose-dependent manner ( Table 2 ). The frequency of shifts could be increased signi®cantly by the addition of 0.5 mM ATR, which alone did not have any effect on the expression of all the marker genes tested here (Table 2 ). These data re¯ect that, in a dose-dependent manner, ectopic XRALDH2 results in a speci®c posteriorization of the developing midbrain and hindbrain in Xenopus embryos, which is visualized by the use of molecular markers, but not by morphological criteria. In contrast, the spinal cord does not seem to be affected.
XRALDH2 and XCYP26 function as antagonists
We have previously shown that the ectopic expression of XCYP26 anteriorizes the molecular identity of hindbrain rhombomeres by inactivating RA signaling (Hollemann et al., 1998) . If the effects described here upon overexpression of XRALDH2 are due to a direct increase of RA levels, the two enzymes should neutralize each other's effects on RA signaling activities. To test this assumption, albino embryos were microinjected unilaterally with a mixture of different ratios of XCYP26 and XRALDH2 mRNAs at the two-cell stage and collected at stages 20±23 for whole-mount in situ hybridization analysis. In the combination of 0.5 ng CYP26 mRNA and 2 ng XRALDH2 mRNA, the two enzymes did indeed neutralize their opposing effects on midbrain and hindbrain marker genes along the anteroposterior axis (Table 3 ). These ®ndings are in line with the idea that unilateral microinjection of XRALDH2 mRNA posteriorizes the midbrain and hindbrain of Xenopus embryos by generating excess RA signaling activity.
Discussion
The ectopic expression of XRALDH2 in combination with retinal treatment can mimic the effects that RA has on Xenopus embryogenesis. Opposing shifts of midbrain and hindbrain marker genes caused by the ectopic expression of XRALDH2 and XCYP26, respectively, are partially neutralized by simultaneously overexpressing the two enzymes. Furthermore, XRALDH2 and XCYP26 exhibit differential and complementary expression domains during early development. These data suggest that these two opposing forces in RA metabolism may de®ne the critical activities for RA homeostasis during Xenopus embryogenesis.
XRALDH2 and XCYP26 may give rise to a critical RA concentration gradient in the presumptive hindbrain territory
Overall, the mRNA expression patterns of RALDH2 and CYP26 found in Xenopus embryos are equivalent to those found in chick and mouse embryos (Niederreither et al., 1997; Fujii et al., 1997; Hollemann et al., 1998; de Roos et al., 1999; Berggren et al., 1999; Swindell et al., 1999) . Table 2 Effects of XRALDH2 and ATR on the expression patterns of Otx2, En2 and Krox20 The distribution of RALDH2 protein in chick embryos as revealed by immunolocalization is consistent with that of RALDH2 mRNA, as revealed by whole-mount in situ hybridization or analysis of enzymatic activity (Berggren et al., 1999; Swindell et al., 1999) . Indirect information on the RA distribution in murine embryos was provided by the analysis of transgenic mice harboring RA response elements linked to hsp68 or RARb2 promoter and LacZ reporter gene. These studies indicate that the distribution of reporter gene activity is mostly identical to the RALDH2 expression pattern. In contrast, there is no detectable reporter gene activity in RALDH2 null mutants, except for a weak signal in the developing eye (Niederreither et al., 1999) . As the RALDH2 knockout mice recapitulate most of the vitamin A-de®cient phenotypes, it is conceivable that RALDH2 expressing cells provide the major portion of the endogenous, embryonic RA. The data reported in this communication suggest that the situation is similar in Xenopus embryos. Although a RA gradient with a high concentration at the posterior and a low concentration at the anterior end of the Xenopus embryo has been reported (Chen et al., 1994) , little is known about the details of the spatial distribution of RA in the embryos.
Our expression pattern analyses demonstrate that, during gastrulation, XCYP26 is strongly expressed anteriorly in the prospective head region and posteriorly in the epithelium layer of the involuting marginal zone with a gap in the presumptive hindbrain region. In contrast, XRALDH2 is exclusively expressed posteriorly in the internal involuting mesoderm. Thus, one can predict that the two opposing forces may indeed create an endogenous RA gradient with the highest level at the posterior end, no RA in the most anterior region, and a delicate RA concentration gradient in the presumptive hindbrain region. Interestingly, the epithelium layer of the involuting marginal zone seems to be maintained in a RA-free state during gastrulation, as these cells, located directly adjacent to the XRALDH2 expressing involuting mesoderm, strongly express XCYP26.
Immediately after gastrulation, XRALDH2 transcripts are restricted to the presumptive presomitic and lateral plate mesoderm in the middle part of the trunk with no signals in the most posterior regions of the embryos. In contrast, the anterior expression of XCYP26 in Xenopus embryos decreases drastically, whereas the posterior expression domain is maintained. The presumptive hindbrain region remains to be negative for both transcripts. These expression patterns suggest that, during neurulation, there may exist an endogenous RA distribution with the highest concentration in the middle part of the trunk, and a critical gradient being formed anteriorly in the presumptive hindbrain region and posteriorly in the caudal part of presumptive spinal cord, which is reminiscent of the model proposed by Maden (1999) . Our results verify the signi®cance of graded RA signaling in the presumptive hindbrain. Increasing any one of the two forces seems to result in corresponding anterior or posterior shifts of the RA gradient, correlating with corresponding transformations in midbrain and hindbrain. However, the developmental relevance of the RA signaling gradient in the posterior part of the presumptive spinal cord is not revealed by increasing either XCYP26 or XRALDH2 in Xenopus embryos.
3.2. RA signaling and central nervous system patterning A principal ®nding of our studies is that a unilateral injection of XRALDH2 mRNA into Xenopus embryos results in an anterior shift of both midbrain and hindbrain marker genes. A similar phenotype may occur when a critical lower concentration of RA is directly applied to Xenopus embryos. However, without an internal control, it is not easy to measure such a putative subtle shift in RA treated embryos. An early attempt to apply RA unilaterally by injecting RA enriched corn oil droplets into Xenopus embryos had resulted in an inhibited development of anterior structures, but failed to reveal an anterior shift of structures on the injected side relative to the uninjected side (Drysdale and Crawford, 1994) . Using transgenic mice that contain lacZ reporter genes mimicking the expression of HoxB1, HoxB2 and Krox20 genes, Marshall et al. (1992) demonstrated that the application of RA, at concentrations that can induce craniofacial abnormalities, results in a homeotic transformation of rhombomeres 2/3 to a more posterior rhombomere 4/5 identity in mouse embryos. These ®ndings correlate nicely with the data obtained in this study. In addition, a similar phenomenon is observed upon microinjecting constitutively active versions of RA receptors into Xenopus embryos, where an anterior shift of Otx2, En2 and Krox20 stripes was observed on the injected side; however, the constitutively active receptors also eliminated En2 and Krox20 expression domains at high frequencies (Blumberg et al., 1997) . The study reported here, together with our earlier investigation (Hollemann et al., 1998) , provides the only conditions in which the increased or decreased RA signaling can result in speci®c and opposite shifts of midbrain and hindbrain molecular identity without elimination, expansion, or ectopic expression of the marker genes tested. It should be pointed out that, under conditions of decreased RA signaling caused by ectopic XCYP26, the posterior shift of molecular identity is mainly restricted to the hindbrain with no major effects on forebrain and midbrain patterning. In contrast, in the case of XRALDH2 overexpression, both midbrain and hindbrain marker genes are anteriorly shifted and the forebrain territory is reduced. Taken together, these data are compatible with the idea that a delicate RA gradient may exist in the presumptive hindbrain territory of Xenopus embryos, as deduced from the expression patterns of the two RA metabolizing enzymes, with no RA in forebrain and midbrain and high RA concentration in the presumptive spinal cord region. Therefore, the forebrain and midbrain are resistant to a decrease in RA signaling, but are sensitive to an increase in RA signaling, whereas the hindbrain is sensitive to both treatments. We conclude that RA could be a potential endogenous posteriorizing signal with respect to the activation/ transformation model, which plays an important role in patterning the amphibian central nervous system.
XRALDH2 and XCYP26 activities in early eye development
During amphibian development, the prospective eye region is initially speci®ed as a single ®eld that is subsequently split into two eye primordia by signals emanating from the prechordal plate (Bouwmeester et al., 1996 and the references therein). In a dose-dependent manner, lower concentrations of RA can result in cyclopic Xenopus embryos, and higher concentrations cause microcephalic embryos that completely lack eye structures (Durston et al., 1989; Sive et al., 1990) . It seems that signals from the prechordal plate for the splitting of the eye anlage are very sensitive towards exogenous RA. Indeed, during gastrulation, the RA degrading enzyme, XCYP26 is strongly expressed in the presumptive forebrain and midbrain neurectoderm and prechordal plate. Our interpretation is that XCYP26 actively breaks down any traces of incoming RA and thereby maintains a RA-free environment in the prospective anterior head region, including both the neurectoderm and prechordal plate mesoderm, which is important for the initial speci®cation of forebrain/midbrain and their derivative structures during gastrulation. Embryos become more resistant to RA at the end of gastrulation (Durston et al., 1989; Sive et al., 1990 and data not shown). Correspondingly, a drastic decrease of XCYP26 expression in the presumptive forebrain and midbrain is observed in Xenopus embryos after gastrulation (Hollemann et al., 1998 and this study). In contrast, XRALDH2 starts to be expressed in the eye anlage of early neurula stage embryos (Fig. 2B,6±9 ). The application of RA to embryos at these stages can no longer cause cyclopic eyes, even at a concentration (1 mM) that results in severe prosencephalon truncation (data not shown). Taken together, these data re¯ect a temporal sequence of eye development with respect to RA signaling. The initial eye speci®cation and splitting is sensitive to RA signaling, and this sensitivity seems to be restricted to the period of gastrulation. The further proliferation of eye anlage cells during neurula stage development may require RA signaling, as XRALDH2 is expressed in these cells and eye development becomes resistant to exogenous RA applied at these stages.
The expression of RALDH2 in stomodeal±hypophyseal, olfactory and eye anlagen in neurula stage Xenopus embryos is not prominent in chick and mouse embryos (Niederreither et al., 1997; Berggren et al., 1999; Swindell et al., 1999) . The ablation of this expression domain observed upon the application of RA is likely to be due to an indirect effect, and is consistent with the observation that eye speci®cation and splitting is extremely sensitive to RA. It is conceivable that RA blocks the speci®cation of eye and other prospective forebrain derivative structures during gastrulation, and subsequently, the embryos then lack those anlagen. Therefore, the expression of RALDH2 in stomodeal±hypophy-seal, olfactory and eye anlagen can no longer be observed in RA treated embryos. Two observations support this explanation: ®rst, the RA treatment is carried out during stages 8±11, whereas the endogenous expression of this anterior domain of XRALDH2 starts at stage 15; second, RA has no signi®cant effect on the expression of XRALDH2 in the internal involuting mesoderm of the marginal zone during gastrulation.
It is reported that RA is involved in the determination of the dorsoventral dimension of the retina. The differential expression of RA receptors and metabolic enzymes (RALDH1, RALDH3 and CYP26) in the mouse eye vesicle suggests a segregation of RA signaling in the retina, with a gap between high ventral and moderately high dorsal RA levels Li et al., 2000) . In agreement with this, XCYP26 seems also to create a RA-free horizontal boundary between the dorsal and ventral embryonic retina in Xenopus tadpole stage embryos. The coincidence of the restricted dorsal retina expression of XRALDH2 in Xenopus and alcohol dehydrogenase, RALDH1, in the mouse may suggest that the two enzymes could serve similar function in respect to RA generation and this study). Thus, the highly regionalized expression of XRALDH2 and XCYP26 in the retina of tadpole stage embryos re¯ects that the two enzymes may be involved in creating the proper RA signaling activities for the speci®cation of dorsoventral dimension of the retina in Xenopus embryos.
XRALDH2 and RA synthesis
We note that retinal is at least 50-fold less effective than RA, with 10 mM retinal causing a similar frequency of microcephalic embryos as 0.18 mM RA does. In comparison, it has been reported that retinol is 100-fold less effective than RA (Durston et al., 1989) . This difference supports the notion that the conversion of retinol to RA consists of two steps, a rate-limiting conversion of retinol to retinal, and a rapid conversion of retinal to RA (Swindell et al., 1999) . However, if the second step of the conversions is a rapid one, retinal should have the same signaling ef®ciency as RA. The fact that retinal is at least 50-fold less effective than RA re¯ects the complexity of the mechanism involved in controlling the conversion of retinal to RA in vivo. A microinjection of 2 ng XRALDH2 mRNA in combination with 2 mM retinal has the same effects as 10 mM retinal has, re¯ecting a four-fold increase of retinal ef®ciency by ectopic XRALDH2. Thus, the RA generating activity of XRALDH2 is evident. However, other components involved in endogenous RA generation, such as the key enzymes that catalyze the rate-limiting conversion of retinol to retinal, remain to be de®ned.
Experimental procedures
Isolation of Xenopus RALDH2 cDNA
A LiCl treated stage 13 cDNA library (Glinka et al., 1996) was screened using whole-mount in situ hybridizations as described in Gawantka et al. (1998) . Four clones were found that correspond to XRALDH2, AGL_11H09 is one of them.
Embryo manipulation
Wild type and albino embryos were obtained by hormone-induced egg laying and in vitro fertilization using standard methods. All-trans-retinoic acid (ATRA) treatment was performed as described in Blumberg et al. (1997) . ATR treatment was done in a similar way. Whole embryos were immersed in 0.18 mM ATRA or 0.02±20 mM ATR in 0.1£ modi®ed Barth's solution (MBS) from stage 8 to 11. Afterwards, the embryos were washed several times with 0.1£ MBS and cultured until the desired stages.
Whole-mount in situ hybridization
Whole-mount in situ hybridization was done in principle as described (Harland, 1991) , with modi®cations as reported in Hollemann et al. (1999) . Antisense RNA probes were prepared using the digoxigenin or¯uorescein RNA-labeling mixes (Boehringer) and subsequently puri®ed using the RNA Easy Kit (Qiagen). The probes used were: XCYP26, cut with EcoRI and transcribed with T7 RNA polymerase (Hollemann et al., 1998) ; XRALDH2, cut with BamH1 and transcribed with T3 RNA polymerase; En2, cut with XhoI and transcribed with T7 RNA polymerase (HemmatiBrivanlou et al., 1991) ; Otx2, cut with NotI and transcribed with T7 RNA polymerase (Pannese et al., 1995; Blitz and Cho, 1995) ; Krox20, cut with EcoRI and transcribed with T7 RNA polymerase (Bradley et al., 1993) ; Hoxb9, cut with EcoRI and transcribed with T7 RNA polymerase (Cho et al., 1988) . Vibratome sections were prepared as described previously (Hollemann et al., 1996) .
